Introduction of more energy efficient processing practices, such as increasing the initial solids content from which powder is manufactured, is of interest to the infant formula industry. This study evaluated the use of an inline rotor-stator mixer followed by direct steam injection to disperse and heat-treat (110°C, 3 s) high-solids (60% w/w) formulations, for the production of powdered infant milk formula. As a control, 30% w/w infant milk formulations were subjected to a typical process, i.e. heat treatment in a tubular heat exchanger, valve-type homogenisation, evaporation (to 55% w/w solids content) and spray drying. Both formulations were dried using a three-stage dryer with two-fluid nozzle atomisation at inlet and outlet temperatures of 187°C and 85°C, respectively. Formulations subjected to the steam injection process had significantly (P<0.05) lower viscosity compared to control formulations at equivalent solids contents (55% w/w). This was partly attributed to lower levels of whey protein denaturation (76.2±0.09%) compared to indirect heat treatment in the control process (87.0±0.5%) as measured by high-performance liquid chromatography. Prior to spray drying, volume mean particle size of both processes was not significantly different (P>0.05), 2.04±0.22 and 1.82±0.04 μm for the control and high-solids steam injection processes, respectively. Powders produced by both processes had statistically similar (P>0.05) surface free fat content, wettability and dispersibility. The study showed that it is possible to produce quality model infant milk formula powders from a high-solids concentrate while considerably reducing process complexity.
Introduction
Companies which manufacture powdered infant milk formula (IMF) must comply with strict microbiological regulations while ensuring good powder reconstitution properties. Current manufacturing processes are often adapted from well-established unit operations within the dairy industry, which can vary between manufacturers (Pisecky 1997) . It is, however, in the interest of IMF manufacturers to explore alternative processes, which offer improvements in efficiency and nutritional quality while meeting the requirements outlined above.
The behaviour of ingredients during processing is an important consideration when investigating an alternative process or unit operation. Bovine milk derivatives are the principle ingredients in the manufacture of IMF (Nasripour et al. 2006) ; however, the distribution of macronutrients in bovine milk means that it is not ideal for consumption by infants, especially between the ages of 0 and 6 months. To comply with nutritional regulations, protein-to-carbohydrate ratio and casein-to-whey ratio of bovine milk must be altered by addition of whey and lactose ingredients (Nasripour et al. 2006 ). In formulations where the level of whey protein is relatively high, the method of heat treatment is a key consideration as β-lactoglobulin (β-lg), the most abundant whey protein in bovine milk, denatures at heat-treatment temperatures (generally above 70°C) leading to increases in viscosity, and gelation above a critical protein concentration (Walstra and Jenness 1984; Singh and Havea 2003) . Denatured whey proteins have also been linked to emulsion instability, acting as a bridging mechanism between fat globules (Euston et al. 2000) . The behaviour of whey proteins during heat treatment of IMF can significantly influence viscosity and particle size, which may also affect subsequent powder properties.
A common heat-treatment method used in the dairy industry is indirect heat treatment, which involves heat transfer through an interface (typically stainless steel) into the product. Alternatively, direct heat treatment can also be used; in this scenario, the product comes into direct contact with the heating medium, for example, steam injection and steam infusion (Bylund 1995) . Zadow (1969) showed that for whole bovine milk, indirect heat treatment resulted in higher levels of whey protein denaturation than direct heat treatment. The reduced thermal load of direct heat treatment is due to the almost instantaneous achievement of heat-treatment temperature requirements (Lewis and Deeth 2009 ). In addition, direct heat treatments have also been shown by several studies to disrupt fat globules and reduce their size (Zadow 1969; van Boekel and Folkerts 1991; Ye et al. 2005) .
In the manufacture of powdered IMF, formulations are often evaporated prior to spray drying. Ye et al. (2004) showed that evaporation disrupted the fat globules of pasteurised whole milk resulting in a decrease in fat globule size and an increase in adsorption of caseins and whey to the fat globule surface. In contrast, evaporation of a homogenised whey dominant IMF has been shown to increase fat globule size (McCarthy et al. 2012) .
In some circumstances, dependent on logistic or seasonal influences, skim milk powder (SMP) is used as the casein source for IMF, rather than liquid or concentrated skim milk. In this scenario, formulations can be prepared over a wide range of concentrations, depending on the capabilities of processing equipment. Higher concentration formulations require less water removal during powder manufacture, and, under certain conditions, it may be possible to proceed to spray drying without an evaporation step. However, the extent of whey protein denaturation during heat treatment, viscosity increase and associated fouling is dependant on concentration of whey protein (Dannenberg and Kessler 1988; Fryer 1989) . Therefore, in order to avoid excessive viscosity increases and fouling at high-solids contents, the thermal load associated with heat treatment has to be minimised while ensuring compliance with microbiological regulations. Murphy et al. (2011) developed a process utilising a rotor-stator dispersion step in combination with direct steam injection to heat-treat model IMF at high-solids concentrations (60% w/w). The steam injector used was a patented (Maklad Fluid GmbH) injector/ejector system similar to those described by Adamopoulos and Petropakis (1999) . Within the injector, a shockwave front is formed as a result of steam condensation, providing a homogenisation effect capable of reducing the fat globule size, resulting in colloidally stable, high-solids content formulations. These formulations, however, were not spray dried to produce powdered IMF.
The aim of this study was to manufacture model IMF powders utilising the highsolids (60% w/w) steam injection (HSSI) approach developed by Murphy et al. (2011) . This novel process, which did not include an evaporation step, and the powders produced, were compared to a typical industrial process, consisting of indirect heat treatment at 30% w/w solids, followed by homogenisation, evaporation and spray drying.
Materials and methods

Materials
Medium heat skim milk powder (SMP) and lactose were supplied by Glanbia Food Ingredients (Ballyragget, Co. Kilkenny, Ireland). Demineralised whey powder (DWP) was supplied by Dairygold Food Ingredients (Mitchelstown, Co. Cork, Ireland). Sunflower oil was supplied by Trilby Trading (Drogheda, Co. Louth, Ireland). Potassium hydroxide (KOH) was supplied by Sigma-Aldrich Ireland (Arklow, Co. Wicklow, Ireland).
Batch formulation
Batches (150 kg) of model IMF were formulated to a solids content of 60% w/w (HSSI process) and 30% w/w (control process) using the ingredients and quantities outlined in Table 1 . Reverse osmosis (RO) water was heated (to 55°C for the control process and 70°C for the HSSI process) in order to aid solubilisation of ingredients. The order of ingredient addition during batch make-up was lactose, DWP, sunflower oil followed by SMP. The target composition (on a moisture-free basis) of the powders manufactured from both processes was 11.3%, 29.1% and 58.1% w/w for protein, fat and lactose contents, respectively. The target whey-to-casein ratio was 60:40.
A YTRON ZC powder induction unit (YTRON Process Technology GmbH, Bad Endorf, Germany), consisting of a high-shear, rotor-stator mixer connected to a recirculation pump, was used for ingredient induction. For both HSSI and control processes, powders and sunflower oil were inducted into the rotor-stator mixer, which was connected to a mixing tank via a closed circulation loop. After ingredient induction, formulations were recirculated through the rotor-stator mixer for a further 10 min to disperse the ingredients. The pH of HSSI (60% w/w) formulations was adjusted to 6.6 (at 60°C) using 4 mol L −1 KOH; an equivalent amount of KOH (i.e. the ratio of KOH to IMF solids was the same) was added to the 30% w/w formulations.
Heat treatment
HSSI formulations (60% w/w) were heat-treated using a shockwave steam injector (Maklad Innovative Fluid & Systemtechnik GmbH, Wien, Austria) at 110°C for 3 s. The injector was part of a custom-built pilot line consisting of a pressure-sensing multistage pump CRNE3-19 (Grundfoss Ltd., Dublin, Ireland) which delivered the formulation, at constant pressure (0.70 MPa), to the steam injector. Steam at approximately 0.65 MPa was injected into the formulation at high velocity. After steam injection, the formulation was passed through a holding tube of approximately 1.75 L before being cooled to ∼55°C in a plate heat exchanger prior to spray drying. Control formulations (30% w/w) were heat treated at 110°C for 3 s using a MicroThermics tubular heat exchanger (MicroThermics, NC, USA).
Homogenisation
Control formulations (30% w/w) were homogenised using two-stage valve-type homogeniser, Model NS2006H (Niro Soavi, Parma, Italy) employing a first-stage pressure of 13.8 MPa and a second-stage pressure of 3.5 MPa. Homogenisation was carried out downstream of the heat-treatment step. Control formulations were held overnight at 4°C prior to evaporation and drying. 
Evaporation and spray drying
Control formulations were evaporated to a solids content of 55% w/w using a singlestage falling film evaporator operating at 65°C. Control and HSSI formulations were spray dried using an Anhydro 3-stage dryer with fines return (SPX Flow Technology, Soeberg, Denmark) equipped with a two-fluid nozzle atomiser. Formulations were maintained at approximately 60°C in the dryer balance tank. The inlet temperature and outlet temperatures were 187°C and 85°C, respectively. Note: HSSI formulations were spray dried directly after heat treatment using identical conditions to the control formulations.
Particle size distributions
Particle size distributions of control and HSSI formulations were measured using a Mastersizer 2000S (Malvern Instruments Ltd., UK). For analyses of fat globule size (refractive index RI = 1.46) samples were dispersed in water (RI = 1.33). For analysis of powder particle size (RI = 1.45) samples were dispersed in air (RI = 1.00). Volume mean diameter, D[4,3] was used to characterise particle size.
Viscosity and solids content
Viscosity was measured using an AR G2 rheometer (TA Instruments, Crawley, UK). For both control and HSSI processes, samples taken during wet processing were analysed using a concentric cylinder geometry at 55°C. The analysis of reconstituted powders (12.5% w/w at 20°C) was performed using a parallel plate geometry. The procedure for both geometries was as follows: samples were pre-sheared at 500 s −1 for 1 min followed by equilibration at 0 s −1 for 1 min. The shear rate was then increased from 5 to 500 s −1 over 2 min, held at 500 s −1 for 1 min then decreased from 500 to 5 s −1 over 2 min. Solids content of formulations was measured using a Smart System 5, Smart Trac (CEM Corporation, NC, USA).
Native whey protein content of formulations
The level of native whey protein in ingredients was quantified using the Whey Protein Nitrogen Index (WPNI) method (GEA-Niro 2012). Whey protein denatured during processing was measured by reverse-phase high-performance liquid chromatography (RP-HPLC). Control and HSSI formulations were sampled after each unit operation step (dispersion, heat treatment, evaporation and spray drying) and diluted to a constant protein content of 2.5 g L −1 protein in Milli-Q water. The pH was reduced to 4.6 (using 1 N HCl) followed by centrifugation at 20,000×g for 15 min to remove denatured whey proteins and casein. The supernatant was then filtered through 0.22 μm PES filters (Pall Corporation) for HPLC analysis. The HPLC system used was an Agilent 1200 series (Santa Clara, CA, USA) equipped with a Source™ 5RPC, 4.6×150-mm column (GE Healthcare Life Sciences, Buckinghamshire, UK). The solvents used were (A) aqueous phase: 0.1% w/v trifluoroacetic acid (TFA) in Milli-Q water and (B) organic phase: 90% w/v acetonitrile and 0.1% w/v TFA, in Milli-Q water. The sample (20 μL) was injected onto the column and eluted using the following gradient: 30% B for 2.5 min, which increased to 50% B over 12.5 min, followed by an increase to 70% B over 3 min. Absorbance was measured at 214 nm. The level of whey protein denaturation was determined by differences in peak areas between samples taken before and after individual unit operations.
Powder physical properties
Free moisture content was measured using a HR83 Halogen Moisture Analyser (Mettler Toledo, Columbus, OH, USA). Surface free fat, dispersibility, wettability and bulk volume were determined using GEA Niro analytical methods (GEA-Niro 2012). Bulk density was calculated from the bulk volume. Water sorption behaviour was measured between 0% and 70% relative humidity (RH) using an SPS11-10μ dynamic vapour sorption (DVS) unit. The nitrogen content of powders was determined by the Kjeldahl method (IDF 2001). The protein content was calculated using the conversion nitrogen×6.38 (Merrill and Watt 1973) .
Reconstituted properties of formulations
Powders were reconstituted to a solids content of 12.5% w/w by adding the powder to 40°C water in a plastic container and shaking for 10 s. Stability of formulations to both sedimentation and flotation (creaming) was then measured immediately, using a LumiFuge 116 stability analyser (L.U.M GmbH, Berlin, Germany) as described by Tobin et al. (2011) . Samples were centrifuged at 300 rpm (9.3-11.5×g, dependent on the distance from the rotor within the length of the measurement cell) for 10 min, simulating 2 h storage under conditions of normal gravity. Two hours was chosen to represent the normal time within which IMF is consumed after reconstitution. Separation behaviour was analysed using Sepview 4.1 (L.U.M GmbH, Berlin, Germany) software.
Statistical analysis
All trials were carried out in triplicate, and the subsequent data sets were subjected to analysis using MINITAB® 15 (Minitab Ltd., Coventry, UK) statistical analysis package. The statistical significance of differences between the means of variables within control and HSSI processes was analyzed by means of an unpaired t test (confidence interval of 0.95). To determine the effect of spray drying on particle size, a paired t test was used (confidence interval of 0.95). Figure 1 shows the particle size distribution of formulations during processing. The effectiveness of emulsification achieved by rotor-stator dispersion was found to be concentration dependant. After 10 min recirculation through the rotor-stator mixer, the volume mean particle size (D[4,3] solids content from approximately 60 to 55.5±0.4% w/w due to steam condensation; consequently, there was no significant difference (P>0.05) in solids content between the control (55.2±0.5% w/w) and HSSI formulations prior to drying. Figure 2 shows the change in viscosity of control and HSSI formulations throughout processing. For both formulations, heat treatment did not significantly (P>0.05) affect viscosity; however, the solids content of the HSSI formulations was reduced by approximately 5% w/w. This indicates that the dilution caused by steam injection offset any increases in viscosity during heating. After evaporation to approximately 55% w/w solids content, viscosity (at 500 s −1 ) of control formulations was approximately 2.5 times that of the HSSI-treated formulation (43.0±3.5 and 18.9±0.7 mPa s, respectively) at equivalent solids content. A power law equation was applied to the rheological data of both control and HSSI formulations at 55% w/w. The rate index of control formulations was 0.815±0.031 in comparison to 0.976±0.003 for HSSI formulations.
Results
Wet processing properties
The native whey content of control and HSSI formulations throughout processing is shown in Fig. 3 . The native whey content of control and HSSI formulations prior to heat treatment was found to be 44.4±0.3% by WPNI. Direct heat treatment of control formulations resulted in the largest decrease in native whey content, from 44.4±0.3% before processing to 13.0±0.5% after heat treatment. In contrast, the direct treatment received by HSSI formulations resulted in significantly lower denaturation, from 44.4± 0.3% to 23.8±0.9%. Subsequent processing steps were found to have relatively little effect on the level of native whey in formulations.
Powder and reconstituted properties
Spray drying of HSSI formulations resulted in powders with lower moisture content and lower volume mean diameter D[4,3] than control powders (Table 2) . Both control and HSSI powders were instantly wettable (approximately 7 s) with dispersibilities of Fig. 2 Apparent viscosity at various processing stages, pre-and post-heat treatment (HT) and pre-spray drying (SD). The control process is represented by grey columns and the HSSI process by white. Where shown, columns annotated with the same letter (a, b) did not differ significantly. Also included (inset) is the solids content at corresponding processing stage approximately 95%, while surface free fat was less than 1% w/w. The protein contents of powders manufactured by both control and HSSI processes did not vary significantly (P> 0.05), and the target composition of 11.3% w/w was achieved (Table 2) . Despite the differences in powder particle size, no difference in water sorption behaviour was observed (data not shown).
Reconstituted control formulations (12.5% w/w) exhibited slightly higher viscosity than reconstituted HSSI formulations at 2.10 ± 0.04 mPa s compared to 1.95 ± 0.02 mPa s, respectively. The D[4,3] of reconstituted HSSI formulations was slightly larger than reconstituted control formulations at 1.44±0.09 and 1.25± 0.04 μm, respectively. Higher levels of denaturation were observed in reconstituted control and HSSI powders compared to values before spray drying; however, when compared to the levels of denaturation occurring during heat treatment, the increase was small (Fig. 3) .
Both reconstituted control and reconstituted HSSI formulations showed a slight separation tendency during simulated storage. However, the separation rate was statistically similar (P>0.05) for control and HSSI formulations at 0.9±0.4% per hour and 1.2±0.4% per hour, respectively. 
Wet processing properties
The shear effect of the rotor-stator dispersion head successfully created a monomodal emulsion which was stable during steam injection. At equivalent solids content (∼55% w/w), the D[4,3] of control (post-evaporation) and HSSI formulations was not significantly different (P>0.05). Thus, the use of a dispersion head as the emulsification step before heat treatment of high-solids content formulations was a suitable alternative to the more conventional practice of homogenisation followed by evaporation. However, emulsification efficiency within the dispersion head was dependent on the solids content of the formulation; thus, at lower solids contents (i.e. control formulations), a broader particle size was observed. At higher solids contents (60% w/w), more shear forces are generated due to the close proximity of the solids during recirculation through the rotor-stator dispersion head resulting in more efficient emulsification of the oil. Typically, homogenisation is carried out downstream of heat treatment, to disrupt any aggregated protein or flocculated fat globules occurring during heat treatment (Hillbrick et al. 1999 ). The findings demonstrate that emulsification, as in the HSSI experiments, can be carried out before heat treatment; the rapid change in shear rate caused by steam condensation within the steam injector results in a further particle size reduction (Adamopoulos and Petropakis 1999; Murphy et al. 2011 ). This removes the need for downstream homogenisation within the process, thereby reducing process complexity and associated costs. In the control process, there was a 2.5-fold increase in particle size during evaporation, which was attributed to shearing effects coupled with interaction between denatured whey proteins positioned at the oil-water interface, causing flocculation of fat globules. An alternative mechanism for this particle size increase may be compression and distortion of fat globules during water removal, leading to rupture and subsequent coalescence (Aranberri et al. 2004 ). The extent of denaturation of whey proteins during heat treatment is concentration dependent (Dannenberg and Kessler 1988) ; therefore, high levels of whey protein denaturation could be expected in the HSSI formulations. However, HSSI formulations had significantly lower levels of whey protein denaturation than control formulations, even though heating was carried out at 60% w/w in comparison to 30% w/w for the control. The results indicate that, in agreement with Zadow (1969) , formulations treated by the HSSI process received a lower thermal load (at the same time/temperature combination, 110°C for 3 s) than the control process, in which a tubular heat exchanger was used. This is most likely due to the rapid rate of change of product temperature associated with direct heat treatments (Lewis and Deeth 2009) . Subsequent evaporation (in the case of the control formulations) and spray drying was found to have a comparatively small effect on the level of denaturation, due to the relatively low temperatures received by the formulations during these operations. Thus, the level of native whey protein in the final powders was largely determined by the heat-treatment step, indicative of the importance of this step in the processing of whey-rich formulations.
Viscosity is another indicator of the intensity of thermal treatment received by a formulation. The results indicated that HSSI formulations received lower heat loads than control formulations. Despite the majority of whey protein denaturation taking place during the heat-treatment step (Fig. 3) , no significant increase in viscosity was observed in control formulations after indirect heat treatment, due in part to the relatively low solids content of the formulation (30% w/w). However, after evaporation, the viscosity of control formulations was significantly (P<0.05) higher than HSSI formulations at equivalent solids contents (55% w/w). As evaporation had little effect on whey protein denaturation, the relatively higher viscosity of control formulations can be attributed to a combined effect of higher levels of whey protein denaturation during indirect heat treatment coupled with the effect of evaporation. The higher voluminosity of unfolded whey proteins (Snoeren et al. 1982) and closer proximity of reactive groups, during evaporation, leads to interaction between whey proteins, increasing viscosity. Another possibility is association of denatured whey protein with casein micelles during water removal. Martin et al. (2007) found that casein micelle size increased substantially after evaporation of skim milk, and proposed that it was as a result of denatured whey proteins adhering to casein micelles. Furthermore, in fat-containing systems, both caseins and whey have been found to adsorb to fat globules during evaporation (Ye et al. 2004) . It is likely that the increase in particle size found post-evaporation of control formulations was as a result of fat globule coalescence (McCarthy et al. 2012 ) and/or flocculation caused by surface protein interactions. Control formulations at 55% w/w were found to exhibit shear thinning behaviour (rate index of power law <1) which has been associated with flocculation of fat globules (Demetriades et al. 1997a, b) . The rate index of HSSI formulations at 55% w/w was close to 1 (Newtonian), indicating that there was little structure was present for breakdown during shearing. Flocculation of fat globules results in emulsions with higher viscosity than unflocculated emulsions, due to the larger volume fraction of the flocculated material (Keowmaneechai and McClements 2002) . Therefore, the combined effect of higher whey protein denaturation and emulsion destabilization may explain the higher viscosity in control formulations compared to HSSI formulations prior to spray drying.
Formulation viscosity can be a limiting factor in spray drying. Thus, the lower viscosity of HSSI formulations, in combination with a particle size within the range of control formulations post-evaporation, suggests that higher concentration (>55% w/w) formulations could be successfully spray dried, lowering water removal requirements, with associated cost benefits.
Powder and reconstituted properties
Wettability and dispersibility are important parameters in the production of instant powders. Both control and HSSI powders can be considered wettable as their wetting times were less than 120 s (Schuck et al. 2012) . Surface free fat reduces the wettability of powder particles as it increases the hydrophobicity at the particle surface (Faldt 1995) and is therefore also an important parameter in the production of instant powders. The surface free fat (<1% w/w) and wettability (approximately 7 s) of both the control and HSSI powders correlated with the four typical IMF powders characterised by Hanley et al. (2011) , which were in the range of 0.3-0.8% w/w and 7-23 s, respectively. The dispersibility of control and HSSI powders (∼95%) was higher than the target for whole milk powder (85%) as reported by Tuohy (1989) . The high dispersibility and low wetting time (i.e. less than 20 s) of control and HSSI powders indicate that they may be considered instant powders (Schuck et al. 2012) . The protein content did not vary significantly (P>0.05) between control and HSSI powders, suggesting that concentration and temperature-induced instability and associated fouling of process surfaces did not occur for HSSI formulations, an observation which correlates with the low levels of whey protein denaturation in the HSSI process (Fryer 1989) . However, moisture content and powder particle size differed significantly (P>0.05) between control and HSSI powders. Both these parameters can be linked to solution viscosity immediately prior to spray drying, which effects droplet formation during two-fluid nozzle atomisation, resulting in a reduction in droplet diameter as viscosity decreases (Masters 2002a) . Thus, in the lower viscosity HSSI-treated formulations, the smaller droplets produced during atomisation had a larger surface area compared to control formulations, which increased the area of contact between the surface of the droplets and the drying air, resulting in powders of lower moisture content (Masters 2002b) .
The stability to separation in both reconstituted control and HSSI powders did not vary significantly. Stokes' law predicts that the separation rate of a particle in suspension is directly proportional to its particle size and inversely proportional to its viscosity (Robins 2000) and, therefore, predicts a lower stability to separation in the reconstituted HSSI powders as a result of their higher particle size and lower viscosity compared to the reconstituted control powders. However, this was not observed, indicating that reconstituted HSSI formulations were as stable to separation as reconstituted control formulations over the estimated maximum shelf life of a reconstituted infant milk formula (approximately 2 h).
Conclusion
High-solids steam injection (HSSI) is a feasible alternative for the production of powdered IMF from concentrated formulations. The reconstitution properties of IMF powders produced by the combination of rotor-stator dispersion followed by direct steam injection compared favourably with those of powders produced in a conventional (control) process. Furthermore, the HSSI process caused less thermal denaturation of whey proteins than the control process, even though heat treatment was carried out at twice the concentration (60% w/w). The lower denaturation level also resulted in lower viscosity prior to spray drying, suggesting that the HSSI process could be suitable for the production of IMF at even higher concentrations (> 60% w/w), which would further reduce the energy requirements associated with water removal in powder production. Finally, as the HSSI process does not require a homogeniser downstream of heat treatment or evaporation prior to spray drying, process complexity and associated costs could be substantially reduced.
